Nowadays, MIMO systems are playing an important role in wireless communications. In this paper, we propose a spatial-temporal adaptive MIMO beamforming scheme for single carrier transmission in frequency-selective fading channels with the assumption of perfect channel state information (CSI) at both the transmitter and receiver. The transmit and receive weight vectors for detecting the preceding signal and the receive weight vectors for detecting the delayed signals of the preceding signal are designed by an iterative update algorithm. Based on minimum mean square error (MMSE) method, the delayed versions of the preceding signal are exploited to maximize the output signal to interference and noise ratio (SINR) instead of suppressing them at the receiver. The improvement of output SINR is useful for MIMO systems to enhance the high-quality communication in broadband wireless systems.
Introduction
Adaptive antennas are now considered to be the best approach to realizing commercial broadband wireless systems. Because the adaptive signal processing is capable of enhancing the desired signal strength and reduces the interference from other signals, adaptive antennas are often used either in transmitter or receiver [1] - [3] . Currently, Multiple-Input Multiple-Output (MIMO) system, where array antennas are equipped at both the transmitter and receiver with an adaptive signal processor, has emerged as one of the most significant technical breakthrough in wireless communication systems. It has improved the high-bit-rate transmission and increased the performance of system over multipath fading channels [4] - [6] .
Since orthogonal frequency division multiplexing (OFDM) already forms the basis of the current wireless local area network (WLAN) standards, IEEE 802.11 a and g, the combination of MIMO and OFDM is seen as an attractive solution for high-speed indoor WLANs in frequency selective fading (FSF) channel environments [7] , [8] . Recently, other approaches using cyclic prefix or iterative beamforming algorithm for single carrier transmission have been proposed [9] , [10] . However, both the multicarrier and single carrier MIMO systems have been proposed to suppress the delayed singals of the preceding signal instead of exploiting them to maximize the output SINR at receiver. In this paper, we propose a spatial-temporal adaptive MIMO beamforming scheme for single carrier transmission in FSF channels with the assumption of perfect channel state information (CSI) at both sides. The transmit and receive weight vectors for detecting the preceding signal and the receive weight vectors for detecting the delayed versions of the preceding signal are designed by an iterative update algorithm. Based on the MMSE criterion, the delayed signals of the preceding signal are being exploited to maximize the output SINR at the receiver.
The organization of this paper is as follows. In Sect. 2, the propagation models of MIMO systems in FSF channels for the spatial-domain and spatial-temporal signal processings are briefly demonstrated. The transmit and receive weight vectors designed by using the spatial-temporal signal processing, which combines the delayed signals of the preceding signal to maximize the output SINR based on the MMSE criterion, are proposed in Sect. 3. In Sect. 4, we perform the computer simulation along the lines of our proposed optimization principles. Finally, Sect. 5 concludes our work.
MIMO Beamforming for FSF Channels
For wireless broadband systems, the MIMO propagation channel, where the number of transmit and receive antennas is M and N, respectively, can be modeled as
where A (0) is the channel information of the preceding signal which we regard as the desired signal in this paper, while for l = 1, . . . , L, A (l) is the lth delayed channel information. The notation a (l) nm means the lth delayed channel response between the mth transmit antenna and nth receive antenna. τ is the unit delay time, which corresponds to symbol period T s of the modulated signal.
Standard notations are used in this paper. Bold letters denote vectors and matrices. Other notations are as follows. A spatial-domain MIMO beamforming for a single data stream transmission under FSF channels, which has proposed in [9] , is shown in Fig. 1 . The outputs of array elements are linearly combined with a weight vector to give the desired signal. The output signal at the receiver can be expressed as
where s(t) is the transmitted signal, and n = [n 1 , n 2 , . . . , n N ] T is independent identically distributed (i.i.d.) additive noise vector, which is assumed to be complex Gaussian processes with zero-mean and variance N 0 /2. The transmit and receive weight vectors w t , w r are defined as
Assume that each delayed signal is uncorrelated and zero-mean, thereby
Let us define P S , P N and 1/γ the signal power, noise power and power ratio of the signal to noise, respectively.
If CSI of the preceding channel A (0) is known well at both sides, the output SINR at the receiver is given by
Since both the transmit and receive weight vectors are contained in numerator and denominator, (10) is considered to be a multivariable nonlinear equation. It seems to be difficult to find the optimal weight vectors for the transmitter and receiver in the analytical formula for maximizing the output SINR at the receiver. The solution to find the optimal receive and transmit weight vectors is based on an iterative weight update algorithm, which has been proposed in [9] . In the proposed algorithm, the receive and transmit weight vectors are calculated and updated alternately by using maximum signal-to-noise and interference ratio (MSINR) and Lagrange multiplier methods. Briefly, the iterative operation (u > 1) is described as follows.
For the receiver weight vector
wherew
and
R nr (u − 1) is a covariance matrix, which is updated based on the previous transmitted weight vector w t (u) for finding the optimal receive weight vector w r (u).
For the transmitter weight vector
Similarly, R nt (u) is a covariance matrix, which is updated based on the previous received weight vector w r (u) for finding the optimal transmit weight vector w t (u).
In the proposed scheme, the degree of freedom (DOF) of the transmitter combined with that of the receiver to suppress the delayed versions of the preceding signal while maximizing the output SINR at the receiver. In [9] , the maximum number of the delayed channels cancellation ability for M × N MIMO system is confirmed by the computer simulation and given by
We conclude that the transmitter and receiver contributed their maximum DOF throughout the proposed method to mitigate effectively the delayed versions of the preceding signal in conformity to (17) without using the tapped delayed line structure. 
Spatial-Temporal Signal Processing
Although the spatial-domain adaptive MIMO beamforming scheme suppresses inter-symbol interference (ISI), the subsequent signals of the preceding signal, which reflected at increasing distance of transmission, degrade the output SINR. Thus we propose a spatial-temporal adaptive MIMO beamforming scheme that improves the output SINR at the receiver by exploiting multiple delayed versions of the preceding signal instead of suppressing them at the receiver. The configuration of the proposed MIMO system is shown in Fig. 2 .
Assume that the delayed channels A (k) for k = 1, . . . , K ≤ L are known as well as the preceding channel A (0) and the delayed signals are uncorrelated.
By multiplying a receive weight vector w (k) r , the output signal arrived at time k at the receiver can be expressed aŝ
Since the path lengths of the preceding and delayed signals are different, the received signalŝ (k) (t) has the same data as the preceding signalŝ (0) (t) but it is shifted by amount of k symbols delay time. In order to utilize the detected signalsŝ (0) (t) toŝ (K) (t) for maximizing the output SINR at the receiver, they are led into a temporal-domain system, where the received signalŝ (k) (t) is delayed by (K − k) symbol time to form all the received signals having the same amount of delay time. Then, the outputs of array elements are linearly combined with the optimal weight vector based on MMSE method to achieve the desired data with highest output SINR. The output signal after spatial-temporal signal processing can be given by
It is clear that if the optimal transmit and receive weight vectors are given, the overall SINR at the receiver based on the spatial-temporal adaptive signal processing is considerably improved and expected by
where SINR 0 and SINR k are the output SINR obtained from the preceding signalŝ (0) (t) and delay signalŝ (k) (t), respectively.
Weights Determination of the Proposed SpatialTemporal Adaptive MIMO Beamforming
The design procedure of the optimal transmit and receive weight vectors of the spatial-temporal signal processing to combine the preceding signal with its delayed signals for maximizing the output SINR at the receiver, is illustrated as follows.
• Calculate the optimal receive and transmit weight vectors w
t (u) at the uth iteration for detection of the preceding signal, which has been proposed in [9] , and given by
where
• Go to the (u + 1)th iteration until a certain condition for termination is satisfied.
• Calculate the optimal receive weight vector w (k) r for detection of the kth delayed signal based on the optimal transmit weight vector w (0),opt t , which is updated from the iterative algorithm.
• Calculate the weight vector w opt c to maximize the output SINR at the receiver based on the MMSE criterion. 
where E{.} represents the expected operation, and
T . Taking the derivative of the argument of (27) with respective to weight vector w c then equating it to zero yields
is the covariance matrix of the received signals and
is the correlation vector of the received signalŝ(t) with reference data s(t).
Assume that A (0) , . . . , A (L) are the quasi-static i.i.d. Rayleigh fading channels with frequency selectivity in which the delayed channels A (1) , . . . , A (K) (K ≤ L) are also estimated as well as the preceding channel A (0) based on a training signal method. To detect the delayed signalŝ (k) (t) with maximum number of the delayed channel cancelation like that of the preceding signalŝ (0) (t), a similar iterative update algorithm is required to determine the optimal transmit weight vector w (k),opt t and the optimal receive weight vector w (k),opt r . However, in order to simplify the configuration of transmitter, the transmit weight vector of the proposed scheme is fixed to w . Then only the DOF of the receiver is consumed for cancelling (N −1) interferences for the received signalŝ (k) (t). This means that the received signalŝ (k) (t) for (k = 1, . . . , K), (K = min{L, N −1}) is utilized to improve the output SINR by taking delayed channels in SINR although it is still possible to improve SINR forŝ (0) (t) up to the case of (L = M + N − 2). The determined weight vectors w 
Simulation

Simulation Conditions
In this section, to evaluate the performance of proposed scheme along the lines of optimization principles, computer simulations are carried out for a single user case. The transmitter is equipped with M = 4 antenna elements, while the receiver has N = {4, 8} antenna elements, which respectively results in 4×4 and 4×8 MIMO systems. We assume that the components of the channel state matrix are the quasi-static i.i.d. Rayleigh fading with complex Gaussian distribution, with a uniform power delay profile (model 1) or an exponential power delay profile (model 2) [12] , respectively, given by
where T s is the symbol period of the transmitted signal, and P R is the average power of multipath waves and σ τ is the delay spread. For model 1, each impulse a
nm is generated by a quasi-static i.i.d. Rayleigh fading process while keeping < |a Although the uniform power delay profile is effective for the examination of working mechanism of the proposed scheme, it is not realistic in the indoor and outdoor propagation environments. Therefore, the exponential delay power profile will be used in order to evaluate the quantitative characteristics [12] .
The simulation is performed in the context of a BPSK (Binary Phase Shift Keying) modulation scheme and the noise has been considered to be additive white Gaussian.
The output SINR of the kth received signal is calculated via the cross-correlation coefficient ρ k and given by
Results
First, we performed a 4 × 4 MIMO system simulation in frequency-selective fading channels environment using model 1 (L = 7) and 3 delayed signals are used to realize the maximum output SINR at receiver of our proposed method. Since the proposed scheme for determining w is similar to that of [9] , the convergence of the transmit and receive weight vectors for the preceding signalŝ (0) (t) is achieved from 80 interations. The receive weight vector for detecting the delayed signalŝ (k) (t) for (k = 1, . . . , K), (K = min{L, N − 1}) is calculated by (27) without repetition. In order to make clear interference channels cancellation limit, we set the input SNR = P S /P N = 40 dB. Then the output SINRs for l = 0, 1, . . . , 7 obtained from the received signal are shown in Fig. 3 . Since A (0) is considered as the desired channel, the initial transmit weight vector estimated from finding the largest eigenvalue λ max of the correlation matrix (A (0) ) H A (0) (k = 0) is used to calculate the optimal receive and transmit weight vectors w (0),opt r , w (0),opt t alternately by using the iterative update weight algorithm, which has been proposed in [9] . The weight vector w (0),opt t is used for transmitter and the weight vector w (0),opt r is used in the receiver for detecting the received signalŝ (0) (t). On the other hand, the weight vector w (0),opt t is also used like a fixed transmit weight vector to determine the receive weight vector w (k) r corresponding to the channel A (k) for detecting the delayed signalŝ (k) (t). Although the receive weight vectors are estimated based on an iterative update algorithm to overcome the FSF channels, only the output SINR obtained from the received signalŝ (0) (t) is better than all the rest. It is clear that the DOFs of the transmitter (M − 1) and the receiver (N − 1) are exploited to suppress (M + N − 2 = 6) interferences for the received signalŝ (0) (t) while only the DOF of the receiver side is used to cancel (N − 1 = 3) inter-ferences for the received signalŝ (k) (t). With increasing the number of delayed channels L, there are two cases of doing this.
Case 1: cumulative distribution function (CDF) curve becomes less abrupt.
Case 2: the average values become approximately equal.
In cases of L = 4 to 6, since the difference of the average values is very small, it seems probable to intersect each other due to the effect of case 1, which is described in the above. Figure 4 shows the output SINRs viewing at median value of the CDF of the detected signals and the obtained output SINR based on our proposed scheme for a 4 × 4 MIMO system in cases of the input SNR of 40 dB and 20 dB. Since the optimal transmit weight vector w (0),opt t is used in this work, the preceding signalŝ (0) (t) is detected with maximum cancellation number of 6 delayed channels based on combination of the DOFs of the transmitter and the receiver whereas the delayed signalŝ (k) (t) for (k = 1, . . . , K), (K = min{L, N − 1}) is detected with maximum cancella- tion number of 3 delayed channels based on use of only the DOF of the receiver. With each detected signalŝ (k) (t) is useful to improve efficiently the output SINR, the result of our proposed scheme is better than that of detection of the preceding path only. The simulation result reveals that the improved output SINR of the proposed method agreed very well with (20). However, the improvement of output SINR of our proposed scheme is also due to the increase in number of the receive antennas because only the DOF of the transmitter is used to suppress the interferences for detecting the delayed signalŝ (k) (t) for (k = 1, . . . , K), (K = min{L, N −1}). In Fig. 4(a) , the output SINR value of the detected signal s (0) (t) for (L = 3) is slightly lower than that of (L = 4) but it is not the extremum. It is seen incidentally as a result of the different simulation value.
In order to verify the considerable improvement of output SINR based on our proposed scheme by the increase in the number of the receive antennas, a 4 × 8 MIMO system simulation in cases of the input SNR of 40 dB and 20 dB is shown in Fig. 5 . By using the proposed scheme, the maximum cancellation number of the delayed channels forŝ (0) (t) andŝ (k) (t) for (k = 1, . . . , K), (K = min{L, N − 1}) are 10 and 7, respectively. It is shown that the desired data is detected not only by using the preceding signal but also by exploiting its copies at the receiver. On the other hand, the performance of 4 × 4 and 4 × 8 MIMO systems for (L ≥ 4) and (L ≥ 8), respectively, might be also improved slightly based on the proposed scheme when the input SNR is less than 40 dB. Similarly to Fig. 4(a) , the output SINR of the detected signalŝ (0) (t) for (L = 7) in Fig. 5(a) is not the extremum. It is seen incidentally as a result of the different simulation For broadband media mobile communication systems, the requirement of high-bit-rate transmission at least several tens of megabits per second such as IEEE 802.11 a/n is necessary but the delay time of the received signals exceeds one symbol time. This leads to the considerable degradation of output SINR at the receiver. Although the delayed signals interfere with other symbols but they give help to improve the output SINR by using the proposed method. We are now going to show how our proposed schemes apply to MIMO system in FSF channels using model 2 for the delay spread of multipath waves over one symbol period. We performed a simulation for a single user case in cases of 4 × 4, and 4 × 8 MIMO systems with the input SNR = 10 dB and delay spread σ τ ranging from 0 to 5T s . The number of delayed signals is K(K = min{L, N − 1}), which is exploited to improve the output SINR based on the proposed scheme. We also set L = 40, which is sufficiently larger than σ τ /T s for using the model 2. For comparison, 4 × 4 and 4 × 8 MIMO systems using the transmit and receive weight vectors obtained from finding the largest eigenvalues for the correlation matrices (A (0) ) H A (0) and A (0) (A (0) ) H , respectively, based on MIMO SVD [14] , are also performed. The simulation result is shown in Fig. 6 .
In Fig. 6 , both the output SINRs obtained from the detection of preceding signal and the proposed method are better than that of the MIMO SVD. Even by the increase in the number of antennas at the receiver, the output SINR obtained from 4 × 8 MIMO SVD is less than that of 4 × 4 MIMO system for detections ofŝ (0) (t) and 4 × 4 proposed scheme. The more large delay spread σ τ is, the more output SINR of our proposed scheme improves comparing to that of the detection of preceding signalŝ (0) (t) only. Moreover, the proposed 4 × 4 MIMO system might be equivalent to the 4 × 8 MIMO system for detection of preceding signalŝ (0) (t) only. Although the simulation is performed by the limited parameters, it is shown that the output SINR is effectively improved based on the proposed scheme. Actually, in order to perform the quantitative and general argument, the evaluation in a wide range of the parameters is necessary and will be conducted in further study.
Conclusion
In this paper, we have proposed a spatial-temporal adaptive MIMO beamforming scheme for single data stream transmission. The proposed scheme is applied to a single user for frequency-selective fading channels without using the tapped delay line. The transmit and receive weight vectors of the preceding signal and the receive weight vector of the delayed signals of the preceding signal designed by an iterative update algorithm are useful to maximize the output SINR compared to detection of the preceding signal only. The improvement of SINR based on the proposed scheme allows to support the degraded signal when the distance of transmission was sufficiently large and the delay spread is over one symbol period. Using the proposed scheme, a highbit-rate transmission with high performance is possible in MIMO frequency-selective fading channels.
